The paper argues that modelling provides a convenient and cost e ective means of characterizing and predicting the behaviour of environmental systems disturbed by man. A series of modelling criteria are suggested that aim at compelling modelling to work with current data, explicitly represent the current understanding of a system, include considerations of variability and address predictive uncertainty. Models which do so provide a rigorous framework for the comparison of alternative courses of action. As an example of the methodology, the problems associated with shway design, highlighting the required statistical analysis and insights, are discussed. Comparison of the modelling results to those gained from operational experience with real shways were used to validate model results and ensure model credibility. The models were then used to examine the e ect of design on interactions between pools in shways as a means of selecting the designs which minimized migration stress.
Introduction
The consequences of human action on in-situ environmental resources have, historically, been mitigated as the nature and extent of the problem became apparent. Learning by doing, however, no longer su ces as an approach to resource management. The size, complexity and hazard potential of modern technological interventions have changed both the perception of risk and the probable consequences of action for the environment and human populations. This, in turn, has given rise to anticipatory regulation (Otway and van Winterfeldt, 1992 ) requiring the precise prediction of the consequences stemming from technological intervention in the environment and the ability to characterize the e cacy of remedial actions.
The costs and dangers associated with irreversibility have added further impetus to the development of new assessment techniques capable of addressing the intricacies and nuances of environmental management issues. One approach, modelling, has enjoyed some success. Typically, however, modelling has been deterministic in nature and tended toward representing the action-consequence chain of events as little more than an algebraic expression requiring precise measurement of the component variables to produce a de nitive solution. The rise of statistical thinking, and the awareness in ecology of the extent and importance of natural variability (Ferson et al., 1989) have reduced the utility of deterministic approaches while, at the same time, increasing the utility of modelling. As Minns (1992) has pointed out, the dimensions and complexities of assessing long-term ecosystem health, or the consequences of action for constituent populations, "dictate the use of modelling as an integrating and organizing process". In particular, models provide a rigorous framework for the analysis of alternative actions, the use and assessment of monitoring data and as a direct means of research into the areas of greatest uncertainty in prediction. Furthermore, modelling because of its numerical, algorithmic and controlled characteristics provides the most convenient means of quantifying the consequences of actions for which actual experimentation is not practical because of either cost or physical restrictions. Finally, models allow the dynamics of interaction between multiple hypotheses to be studied. While constituent hypotheses concerning the environmental system can be studied in isolation, the aggregate dynamics which emerge when those same hypotheses are linked together can only be tested in large scale experiments that are clearly beyond the capacity of most environmental assessment programs.
E ective modelling, however, requires more than compelling arguments for its use. In a world of uncertainty where planners, engineers and ecologists alike are being asked to assess the probabilities associated with identi ed endpoints, modelling must address more than the issue of faithful representation of system behaviour. The need for immediate answers, the investment in data collection and the notion of stochasticity imply a number of obvious criteria for modelling. These include the following:
1. the use of currently available data (Bartell et al., 1992) ; 2. models based on a current understanding of the structure and function of the system under study (Minns, 1992) ; 3. accounting for variability in behaviour among individuals in the population, or system, being studied (Ferson et al., 1989) ; 4. results must t into a framework that explicitly addresses risk and forecasting uncertainty concerns. One example of the need and use of models, combining both the complexities of environmental prediction and the selection of a suitable modelling framework, is the shway design problem. Fishways have a long history, the earliest ones being recorded almost 300 years ago in Europe. They are represented by a wide variety of devices enabling sh to migrate upstream past dams, waterfalls and rapids. Despite their history, their impact on migrating sh in terms of either stress or crowding behaviour was not well understood until the 1960s. Even then, the complexities involved with crowding behaviour and the possible interactions between various stages of the shway necessitated a learning by doing approach to shway design and construction. The same lessons, however, can be readily learned from cheaper modelling approaches.
The basic design of a shway does not, in general, depend on whether the obstacle is a natural or arti cial obstruction. As a consequence, one can think of a shway in the generic sense as a series of consecutive pools forming a stairway between the ow of water above and below a de ned obstacle. The step height between any two pools will depend on the sh species and its jumping ability. In practice, however, step di erences are rarely greater, or less, than one or two feet. Di erent con gurations exist for achieving constant ow velocities and turbulence free ows. In the example discussed here, however, such technical considerations are assumed to be the preserve of the design engineer. For the speci c requirements on the design of the pool itself, the reader is referred to Clay (1961) .
The paper concerns itself only with the capacity of each pool and the minimization of migration stress as measured by jumping activity. Furthermore, the paper does not consider the shape of special pools which occur at points where shways change direction. Accordingly, the paper is organized as follows: section 2 discusses the issue of problem formulation, relating it to data contained in Clay (1961) ; section 3 describes the resulting model and its implementation in GPSS/H; section 4 addresses the issues of model veri cation and validation and section 5 describes output analysis. The problem instance looked at in this study is a scaled down representation of the situation that occurs at the Bonneville Dam shway on the Columbia River. The sh species found there is the fall Chinnook salmon. At this location the maximum daily run to be passed through either of the two shways that belong to the dam was 100,000 sh. In the hour in which the peak rate of migration occurs, 10 percent of the daily migration may attempt to use the shway. Accordingly, coincident with actual shway design, it was assumed that the average ascent rate would be 5 minutes per pool, with a one foot drop between pools. Furthermore, it was assumed that 4 cubic feet of space were required for each sh. On the basis of these assumptions it was calculated that, at a rate of 10,000 sh per hour, spending ve minutes in each pool, the average number per pool would be 833 sh (Clay, 1961) .
The two shways at the Bonneville Dam site widen upstream. Conventional wisdom characterizes the design as being inadequate due to the likelihood of crowding in the lower pools of the shway. The criticism is also mentioned in Clay (1961) but, as is shown through experimentation, there is no evidence that overcrowding in the lower pools renders the design unfavourable in terms of migration stress. For modelling purposes it was assumed that the rate of ascent was uniformly distributed over the interval 3,7] minutes, i.e. 5 2 minutes. The assumption was based on observations of the ascent rates for salmon given by Clay (1961) . Due to computational constraints, the simulation was scaled down to a run of 240 sh per hour, or 4 sh per minute, with a mean interarrival time of 15 seconds. Accordingly, with an average ascent rate of 5 minutes per pool, each pool must have a capacity of 20 sh. Finally, if the arrival times are assumed to have the same variability as ascent rates, then model input data may be characterized as follows:
Interarrival times distribution (in sec): U 9; 21] Ascent rates per pool distribution (in sec): U 180; 240] (1)
In order to add realism to the study, the paper explicitly considers the probability that a sh leaves a pool a ected by overcrowding. Speci cally, the case where a newly arrived sh induces a previously arrived sh to jump to either the next or the previous pool is examined. The probability of this event depends on the number of sh currently in the pool and its consequences will a ect movement of sh through the shway and total energy expended on migration. The latter measure is given by the number of jumps occurring in each pool and is a good proxy measure of migration related stress. Accordingly, ceterius paribus migration stress will be minimized by minimizing the number (probability) of jumps in pools throughout the shway.
Consideration of the interactions between migrating sh in the ladder can be modelled by de ning h i 2 0; 1] to be the rate of occupancy in the i th pool. The probability of a 6 jump caused by a new arrival to pool i was then assumed to be an increasing function of h i and was modelled as follows:
(2) Clearly f(0) = 0 and f(1) = 1 and a jump is only probable if the pool is crowded. Figure  1 shows this behaviour. Finally, if a new arrival makes another sh jump, the leaving sh is assumed to be equally likely to jump to the next or the previous pool.
The problem was speci cally formulated to meet the modelling criteria suggested above. Limitations on available data required the problem to be kept relatively simple and focused study on crowding behaviour and the interactions between pools. The use of distributions to describe both interarrival times and ascent rates per pool allowed the model to account directly for variability in sh behaviour and require the analysis of output data to explicitly quantify the predictive uncertainty associated with the model. As such, the model can be usefully employed as a predictive and explanatory tool (Barnthouse, 1992) .
Model Implementation
A system may be de ned as a collection of entities, e.g. pools and sh, which act and interact together for some well de ned end (Schmidt and Taylor, 1970) . The state of a system is the collection of variables required to describe the system at any particular point in time and a discrete system is one in which the state variables change only at countable numbers of points in time, e.g. when a sh arrives, exits or jumps in the shway. The description of the shway, its stochastic nature and sequential ow, ideally suit it to study using the techniques of discrete event simulation analysis (Banks and Carson, 1984; Law and Kelton, 1991) . Accordingly, the problem as described in section 2 was implemented in GPSS/H code for study on a micro-computer system.
The model generates a transaction, arriving sh, every 15 6 seconds. Upon arrival the sh attempts to enter the rst pool and to occupy an empty spot. If no empty spots are available, the new entrant will induce a randomly selected sh (including possibly itself) to enter the next pool in the shway or to retreat from the pool. Once in a pool, the sh remains for 5 2 minutes, unless it is made to leave earlier, in which case it moves either forward or backward in the shway.
The GPSS/H implementation treats pools as storages and the spots in which the transactions stay as facilities seized by preemption. Note that the model can be adapted easily to other speci cations by changing pool capacities and ascent rates. In this simulation study, a shway of length 5 is compared to one of length 7 as a means of verifying the results in Clay (1961) . The study then compares di erent designs for a shway of seven pools. Comparison of di erent designs allows the selection of the design that both 7 minimizes sh stress, as measured by the frequency of jumps per pool, given construction costs.
One trivial way of designing a shway to minimize stress and overcrowding is to construct pools with large excess capacities. Since this approach does not consider the goal of cost minimization, the paper looks at designs which are presumed to have minimized cost as a function of capacity. Accordingly, the proposed designs keep overall capacity constant at 140 sh and vary the sequencing of pool sizes to determine the e ect of shway pool con guration on overcrowding. To facilitate statistical comparisons and decision making, a control design (number 7) is included. Table 1 gives the details of the designs used for this study.
Model Veri cation and Validation
The correctness of the GPSS/H code was veri ed using common computer code veri cation techniques. These included conceptual veri cation, stress testing and trace analysis (Banks and Carson, 1984) . Conceptual veri cation involves the production of pseudo-code and the comparison of programmed code to the pseudo-code as a means of detecting model logic errors. Stress testing examines model output for reasonableness under a variety of input parameter settings and arrival rates. Increases on the arrival rate and variations in key distributional assumptions were used as a means of assessing whether the probabilities associated with jumping, pool capacity and entry conditions were adhered to under all test conditions. A more sophisticated technique, trace analysis, was also used. The trace provides a detailed computer output of the value assumed by all variables in the model as a consequence of a single variable changing its value. The trace is designed speci cally as a tool for charting the evolution of a model through time and, as such, is a convenient means of comparing model output to hand calculations for key variables. Model results for simple one, two and three pool ladders with no variability in arrivals, ascent rates or jumping characteristics were compared to hand calculations as a means of detecting either logic or arithmetical errors. The lack of detectable errors served to verify model implementation and provided a starting point from which simplifying assumptions could be relaxed, model output examined and code adjusted iteratively until a nal "no detectable aws" model existed.
Validation is a much more complex task. Having been broadly de ned by Naylor and Finger (1967) as anything which enhances model credibility, it includes both the code veri cation techniques discussed above and a host of other approaches (Van Horn, 1971; Sargent, 1988) . Since simulation is a surrogate for actual experience with an existing system, care must be taken to ensure close conceptual correspondence between the model and the system. The simplicity of the shway system, the use of available design speci cations and arrival rates data and careful code veri cation ensured the development of a model A Simulation Study of Fishway Design 8 with high face validity. Further validity was gained by keeping model detail consistent with available migration data (Law and Kelton, 1991) . Models should not include detail that is unnecessary to the solution of the problem under study -here the minimization of migration related stress. One means of testing whether models have achieved the necessary parsimony without compromising validity is to test the model against real world experience. While this is not always possible, especially for purely experimental cases, it, nonetheless, can be achieved in many instances. Here, the output of the proposed model was tested against the observational experience gained from the operation of the Bonneville Dam shways, as reported in Clay (1961) . Comparison of model outputs to real world experiences indicated that the model compared favourably with available data with respect to observed crowding behaviour. The results are reported in detail below, and served to validate the model as a credible experimental tool.
Output Analysis
The output analysis consisted of two types of experimentation. The rst, length experimentation, compared shways of di erent lengths as a means of characterizing overcrowding as a function of length. The second, design con guration, compared shway designs as a means of characterizing overcrowding as a function of design type. The probability that sh can be delayed by overcrowding is generally accepted by biologists (Clay, 1961) . If one accepts the fact that sh passage can be hindered by crowding, then the next step is to attempt to de ne at what point crowding occurs.
In the rst experiments, two shway lengths were considered. The ladder consisting of 5 pools is denoted as shway 1 and the facility of length 7 as shway 2. The interest was in whether stronger overcrowding occurred in longer shways. This can be observed through the number of jumps which occur in the sh ladder as a whole and where, speci cally, jumping mainly occurs. For that purpose, rst, third and fth and the rst, fourth and seventh pools of shway 1 and shway 2 were compared, respectively.
The parameter which best represents overcrowding behaviour is the number of jumps happening in the shway or in a single pool. It is clear that overcrowding a ects directly the number of jumps in a pool. However, to compare shway 1 and shway 2 by this criterion requires normalization of the jumping measure. This is necessitated by di erences in shway capacity and the probabilities associated with jumping. A natural approach is to divide the number of jumps by the number of sh entering the system and the number of pools. Accordingly, to compare the crowding in shways 1 and 2, the random variable X ij for replication j (j = 1; ::::; 20) was calculated as follows:
X ij = number of jumps in shway i number of pools in i number of entrants to i ; i = 1; 2:
(3) 9 Via the central limit theorem it can be assumed that X ij is (approximately) normally distributed. Thus, for the purposes of comparison, a paired-t con dence interval was used (Law and Kelton, 1991) . The variable X 1j was paired with X 2j to de ne the variable Z j = X 1j ? X 2j ; for j = 1; 2; :::; 20: The Z j 's are IID random variables with E(Z j ) = being the di erence between the two shways. The Z j 's can be used to construct an (approximate) 95% con dence interval measuring the statistical signi cance of observed di erences in jumping behaviour in the two shways. The calculated interval was (-1.9549, -0.0464). Since it does not include zero, there was a statistically signi cant di erence in the crowding behaviour of shway 1 and shway 2 at the = 0:05 level of signi cance. The results con rm the observational results of Clay (1961) and serve to demonstrate and validate the use of well constructed models as a means of inferring system behaviour. Further insights into system behaviour, however, can be obtained through the judicious use of the model. For example, one may wish to know in which pools overcrowding behaviour is most prevalent. Accordingly, random variables were again generated by normalizing the number of jumps per pool as follows:
X ij = number of jumps per pool in shway i number of entries in shway i ; i = 1; 2:
The random variables were created for the rst, third and fth pools of shway 1 and the rst, fourth and seventh pools of shway 2. Since the X ij 's were again (approximately) normally distributed, the same procedures as discussed above were used for detecting signi cant di erences in crowding behaviour as a function of shway length. The following (approximate) 95% con dence intervals for the di erences in relative number of jumps in the pools of interest were obtained: 
The results indicate stronger crowding, as evidenced by jumping behaviour, in the lower parts of the longer shway. Again, the results con rmed the observational experience of the Bonneville Dam shways and further suggest the predictive utility of stochastic models in environmental planning.
In the second set of experiments, the seven di erent designs given in Table 1 were compared. Results of the rst set of experiments suggested overcrowding behaviour was most severe in the lower pools of longer shways. This suggests designs with larger capacity lower pools, given the requirement of constant shway capacity, will be most e ective at reducing overall crowding, as measured by jumping behaviour, in the shway. As with the rst set of experiments, the number of jumps was the parameter of interest. In order to rank the seven designs, an all pairwise comparison of the total number of jumps per design was completed. The Bonferroni-inequality requires that, if all 21 pairwise con dence intervals are to simultaneously contain their respective true measures, the following condition must be satis ed (DeGroot, 1986) In each comparison 40 replications of 800 hours with simulated arrivals occurring at the rate of 240 sh per hour, for a total of 192,000 sh, were completed for use in calculating the mean di erences in jumping activity and con dence intervals reported below. As independent random number streams were used in each of the design related computations, independence can be assumed between any two (Banks and Carson, 1984) . Application of the classical two sample t approach to testing the di erence between means, however, requires equality in the variances of the tested systems. Given the discrepancies in shway design, it is probably unreasonable to assume equality of variances. Accordingly, the approximate solution to the Behrens-Fisher problem, when the X ij 's are normally distributed, developed by Welch (1938) , was used for completing the required comparisons (Law and Kelton, 1991) . The results are given in Table 2 .
The table is organized as follows. The values in column i and row j give the mean di erence ( i ? j ) in the total number of jumps between the designs of shways i and j and the approximate 99.5% con dence interval for the di erence in the total number of jumps. A positive mean di erence implies more jumping activity in design i than design j and, accordingly, greater probable migration related stress. The results of the pairwise comparisons indicated design 6, the Bonneville Dam type shway, was the best overall. Furthermore, the estimates of mean di erences in the total number of jumps between selected designs gave large di erences in the number of jumps between design 6 and all other designs. Design 1, the constant pool capacity design, does well against all suggested alternatives except designs 6 and 7. Design 7, a minor variant of design 1, does well against all designs except design 1, where no di erences were detected, and design 6, where signi cantly fewer jumps occurred. Designs 2 to 5, all of which attempt to reduce jumping activity in the lower pools, increase overall system related jumping under the restriction of constant overall capacity. The results show a trade-o between lower pool and overall system jumping activity.
As a means of gaining further insight into the dynamics of jumping behaviour in the studied designs, the number of jumps in di erent pools between the seven designs were calculated. This was accomplished by calculating the boxplots for the di erences in the number of jumps by pool and by design following Hartung (1987) . Figure 2 plots the median number of jumps per replication for designs 1, 3 and 6. These were, respectively, the second best, worst and best designs based on the all pairwise comparisons reported in Table 2 . The medians were calculated by ordering the observations of interest, X j (j = 1; :::; 40), in ascending order: X (1) X (2) : : : X (40)
and calculating the median as:
The median number of jumps per pool, irrespective of design, declines as pool rank rises. This suggests that, irrespective of design, crowding behaviour is most prevalent at the lower levels of the shway and tends to decrease as a function of length. The critical di erence between the considered shways of Figure 2 is design. Design 3 narrows as a function of length. Design 1 remains capacity invertant with respect to length, and Design 6 widens as a function of length. Design 6, which widens upstream, promoted the least jumping activity at all points by restricting the initial number of entrants to the shway. As the number of entrants to each successive pool in the shway will in uence jumping activity, jumping activity was reduced to a minimum by lowering the occupation rate of each successive pool in the ladder. In e ect, the design reduces the interaction between pools and thus both speeds migration time, by reducing the probability of any sh jumping backward, and reduces migration stress, by reducing overall jumping activity. Accordingly, while conventional wisdom at the time of construction of the Bonneville Dam suggested shways that widened upstream tended to promote crowding in the lower pools, the results of this simulation study would suggest an alternative interpretation. Such designs tend to promote crowding in the lower pools when compared to successively higher ranked pools in the same shway but to mitigate crowding behaviour at common points in the design versus other possible designs. In fact, the option selected for the Bonneville Dam was optimal in terms of both reducing stress and probable migration time.
6 Conclusions
The above has examined the e ects of varying lengths and designs of shways on the behaviour of migrating sh. Although the models used were relatively simple descriptions of the phenomenon of migration through shways, they nonetheless provided a powerful means for comparing alternatives with a view to optimizing the selection of the best overall design. More complicated selection criteria, including explicit consideration of cost, could be added to such models as a means of studying the trade-o that may exist between engineering design and ecological concerns. Here, it was assumed that cost minimization criteria had been exogenously determined. What remained was optimal selection of the con guration that best promoted the ecological concerns of minimum stress and passage time.
For models that include speci c consideration of jumping between pools, the interaction between pools should be minimized if the ecological criteria are to be met. That implies that, as soon as a sh migrates to an upper pool, larger pools should be used to minimize the probability of its jumping back due to incipient overcrowding. While the results seem initially to contradict early conventional design wisdom, they con rm the experience of the Bonneville Dam shways and provide a useful explanation for the observed result.
Finally, the study has demonstrated the utility and ease associated with incorporating existing data into an environmental planning problem for purposes of measuring the signi cance di erences in proposed courses of action. The control given the experimenter with simulation modelling approaches allows careful selection of signi cance levels, all pairwise comparisons and explicit quanti cation of estimation uncertainty. As such, the outputs of simulation models will undoubtedly be useful for the rapidly developing eld of environmental risk assessment which seeks exact quanti cation of the uncertainties and consequences associated with the development of environmental resources.
